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Cells respond and adapt to various extracellular changes. 
Environmental stresses, such as high osmolarity and acute glucose 
deprivation, rapidly and transiently shut down translation initiation 
and actin polarization in the yeast Saccharomyces cerevisiae. Certain 
clinical drugs, such as local anesthetics and antipsychotic phenothi-
azines, and cationic surfactants also cause shutdowns similar to 
those triggered by environmental stresses. These compounds 
all have an amphiphilic structure, a cationic hydrophilic region, 
surfactant activity, and the ability to lyse yeast cells. Since low 
concentrations of these compounds shut down intracellular reac-
tions in the absence of cell lysis, the compounds might change the 
state of the cell’s membrane by intercalating into the membrane 
and thus generate signals for the shutdown, as do environmental 
stresses. The intracellular shutdowns caused by stresses might 
essentially be the same as the paralysis caused by clinical drugs at 
the cellular level.

Environmental Stresses Shut Down Intracellular Reactions

Translation is governed by the interaction between a number 
of different structural elements of mRNAs and the translation 
machinery. Environmental stresses, such as high osmolarity,1 glucose 
deprivation,2 amino acids starvation,3 oxidative stress4 and nitrogen 
starvation5 rapidly shut down bulk protein synthesis at the initiation 
level in the yeast Saccharomyces cerevisiae. The actin cytoskeleton in 
the yeast provides the structural basis for cell polarity by forming 
cortical patches and cables during the budding phase of the cell 
cycle.6 Mild heat shock rapidly and transiently depolarizes the 
actin cytoskeleton without resulting in the shutdown of translation 
initiation, whereas amino acids starvation shuts down translation 
initiation without causing the rapid depolarization of actin.7,8 High 
osmolarity and glucose deprivation transiently and simultaneously 
shut down translation initiation and actin polarization.1,8,9

Many mRNAs and RNA-binding proteins are reported to localize 
to specific compartments, along with cytoskeletal elements, in a 
variety of eukaryotic cells.10,11 In S. cerevisiae, numerous mRNAs are 
localized to produce proteins in specific compartments, such as the 
daughter cell or the mitochondrion.12-15 These observations suggest 

that individual mRNAs may consistently be transported to specific 
areas in the yeast cell. Thus the biological significance of transient 
shutdown in response to stresses is considered to be the following 
(Fig. 1).8 When cells are exposed to certain stresses, the cells imme-
diately suspend both the transportation of mRNAs to specific 
compartments, by the loss of actin polarization, and the produc-
tion of proteins by the shutdown of translation initiation. During 
the shutdown, the transcriptional profile of mRNAs is dramatically 
changed in response to the stress.16-18 The shutdown of transla-
tion at the initiation but not the elongation step would increase 
the proportion of mRNAs that are not protected by the ribosome. 
This would facilitate, via mRNA decay pathways, the rapid degrada-
tion of mRNAs that are unnecessary for the stressed condition.19 
Consequently, the cell can easily adapt the intracellular pattern of 
mRNAs, to meet the demands of the stressed condition, by altering 
in transcriptional regulation and/or mRNA stability during the shut-
down. Subsequently, some mRNAs are relocated to specific areas, 
where their translation products are required for the stressed condi-
tion, by repolarization of the actin cytoskeleton. Simultaneously, the 
cell can produce the proteins encoded by the mRNAs by resuming the 
translation process.20,21 Therefore, it seems likely that the dramatic 
changes in both the actin cytoskeleton and protein synthesis, form 
part of a system that facilitates the spatial rearrangement of gene 
expression in response to environmental stress.

Transient shutdowns in response to stresses are divided into two 
reactions. One is the rapid shutdown, which is indirectly regulated 
by Reg1 and A-kinase (in the case of glucose deprivation),2,8 and 
the other is the slow adaptation to shutdowns via the Msn2/4 
transcription factors, the Snf1 kinase (in the case of glucose depriva-
tion),8 or the Hog1 MAP kinase (in the case of high osmolarity).1 
However, the precise mechanism underlying the rapid shutdown 
of both translation initiation and actin polarization has yet to be 
determined.

Common Features of the Drugs that Elicit Intracellular 
Shutdown

Recently, we demonstrated that, similar to environmental stress, 
local anesthetics and antipsychotic phenothiazines also cause the 
rapid shutdown of translation initiation and actin polarization, in 
addition to the rapid nuclear localization of the Msn2 transcrip-
tion factor in yeast.22 Local anesthetics are amphiphilic molecules 
consisting of a hydrophilic tertiary amine that is joined to a hydro-
phobic aromatic ring by an ester or an amide linkage,24 and 
these drugs interrupt nerve transmission in the central nervous 
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system (CNS) by blocking sodium conduc-
tance.23 Phenothiazine  tranquilizers elicit 
a variety of neuroleptic effects, and are 
widely used as antipsychotic drugs. For 
example, chlorpromazine (CPZ), one of 
the best-known phenothiazines, exerts its 
antipsychotic effects by blocking dopamine 
receptors.25 Phenothiazine compounds also 
have an amphiphilic structure; the tricyclic 
ring structure is hydrophobic, while the 
tertiary propylamine tail is hydrophilic.24 
Growth of budding yeast is inhibited by 
the administration of tetracaine (TC), a 
local anesthetic, and the genes involved 
in the sensitivity to TC have been identi-
fied.26,27 The effects of phenothiazines 
on ion transport in yeast have also been 
investigated.28 These reports suggest that 
yeast is a useful experimental system to 
track the direct cellular effects of the 
clinical drugs. Similarly, surfactants are 
also examples of amphiphilic compounds, 
with a great variety of structures in both 
the hydrophilic head and the hydrophobic 
tail, and are categorized into four groups (namely, the cationic, 
anionic, nonionic and zwitterionic group), based on the charge asso-
ciated with the hydrophilic head. The structures of representative 
amphiphilic compounds, local anesthetics (e.g., TC), phenothiazines 
(e.g., CPZ), cationic surfactants (e.g., benzethonium chloride, BC), 
and anionic surfactants (e.g., sodium dodecyl sulfate, SDS), which 
elicit intracellular shutdowns, are shown in Figure 2.

Local anesthetics and phenothiazines have surfactant activities, and 
cationic surfactants show the shutdown activities that are similar to, 
and more potent than, those induced by the clinical drugs, indicating 
that the chemical features required for shutdown are amphiphilicity 
and surfactant activity.22 However, surfactant activity is not suffi-
cient for shutdown, because even high concentrations of CHAPS 
(3-[(3-Cholamidopropyl) dimethylammonio]1-propanesulfonate),  

a zwitterionic surfactant, do not depolarize the actin cytoskeleton, 
and SDS depolarizes actin, but does not inhibit translation initia-
tion.22 The quaternary ammonium base in the cationic surfactants 
(e.g., BC), and the tertiary amine in both local anesthetics and 
phenothiazines are positively charged under physiological condi-
tions.24,29 Thus a cationic charge in the hydrophilic region might also 
be important, in addition to surfactant activity, for inducing all the 
shutdown  reactions.

TC has been reported to associate with segment 6 in domain 
IV of the voltage-dependent sodium channel30 and CPZ blocks 
GABA,31 nicotinic ACh,32 and dopamine receptors in mammalian 
cells.25,33 However, these proteins are not present in yeast, and 
are thus not likely to be the target of the local anesthetics. While 
the biological effects of the local anesthetics, phenothiazines and 

Figure 1. Transient shutdown in response to environmental stresses. The intracellular reaction in budding yeast upon exposure to stress, such as high osmolar-
ity or glucose deprivation, is separated into three steps: the normal situation before exposure to stress, the shutdown phase just after exposure to stress, and 
the adaptation phase in the continued presence of the stress.

Figure 2. The structures of compounds eliciting intracellular shutdowns. The structures of a local anes-
thetic, a phenothiazine, a cationic surfactant, and an anionic surfactant are shown. TC, CPZ, BC and 
SDS indicate tetracaine, chlorpromazine, benzethonium chloride, sodium dodecyl sulfate, respectively.
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The Correlation between Stresses and Drugs on Intracellular 
Shutdown

Mild heat stress transiently depolarizes the actin cytoskeleton 
without affecting translation initiation,1,7 as seen in cells treated with a 
low concentration of SDS.22 In contrast, high osmolarity and glucose 
deprivation inhibit actin polarization and translation initiation,1,2,7,8 
as do low concentrations of TC, CPZ and BC.22 Morphological 
studies using erythrocytes suggest that anionic amphiphiles 
intercalate into the outer leaflet of the lipid bilayer (Fig. 3A), 
while cationic amphiphiles preferentially intercalate into the inner 
leaflet (Fig. 3B).35,36 These observations suggest that a model 
where heat stress perturbs the outer leaflet, in a manner similar to 
an anionic surfactant (Fig. 3A), whereas high osmolarity or glucose 
deprivation perturbs the inner or both leaflets of the membrane, in 
a manner similar to cationic surfactants and clinical drugs (Fig. 3B). 
Cell membranes perturbed by environmental stresses can usually 
recover, but those treated with a high concentration of drugs will 

cationic surfactants are similar in yeast, these compounds have 
distinct molecular structures (Fig. 2). Hence, it is unlikely that 
these compounds bind to a common target protein or to similar 
regions of the target proteins, if present, in yeast. Phospholipids 
are also amphiphilic compounds, forming the lipid bilayer of cell 
membranes. Amphiphilic molecules, such as surfactants, are thought 
to interact with the membrane by intercalating into the lipid bilayer, 
altering the membrane’s properties, and eventually disrupting the 
cell’s membranes.24 Local anesthetics and phenothiazines also have 
surfactant properties, such as an intrinsic critical micellar concen-
tration,24,34 surfactant activity, and the ability to lyse yeast cells at 
high concentrations.22 These observations indicate that these clinical 
drugs are a type of surfactants, and thus suggest that the lipid bilayer 
is the primary target of the clinical drugs in the shutdown response. 
Low concentrations of the clinical drugs and cationic surfactants shut 
down the intracellular reactions without cell lysis, suggesting that 
these compounds might change the state of the cell membrane by 
intercalating into the membrane.

Figure 3. A model for shutdown via membrane perturbation induced by drug or environmental stress. (A) The outer leaflet of the plasma membrane is per-
turbed by low concentrations of anionic surfactants, but is disrupted at high concentrations, whereas the leaflet is transiently perturbed by mild heat stress. 
During either perturbation, a putative signal for shutdown of both actin polarization and cytoplasmic retention of Msn2 is generated. (B) Inner or both leaflets 
of the membrane are perturbed by low concentrations of cationic surfactants, local anesthetics or phenothiazines, but are disrupted by high concentrations, 
whereas the leaflets are transiently perturbed by osmotic stress or glucose deprivation. These perturbations generate a signal for shutdown of translation 
initiation and actin polarization, and bring about the rapid nuclear localization of Msn2.
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eventually be disrupted. During perturbation of the outer leaflet of 
the plasma membrane, signals required for the shutdown of actin 
polarization and for the cytoplasmic retention of Msn2 might be 
generated (Fig. 3A, shutdown). Perturbation of the inner or both 
leaflets might generate a signal to shut down translation initiation, 
in addition to the signal that controls actin polarization and Msn2 
localization (Fig. 3B, shutdown). This model is consistent with the 
observations that TC, CPZ and BC act on a pathway distinct from 
heat stress, but partially overlapping with osmotic stress, whereas 
SDS acts on a pathway distinct from osmotic stress, but partially 
overlapping with heat stress.22

Outlook

Inhibition of bulk protein synthesis or actin polarization, but not 
a change of gene expression, might directly reflect a shutdown of 
cellular activity, as occurs during cellular paralysis. Trifluoperazine 
and chlorpromazine, representative phenothiazines, are known to 
inhibit translation in both mammalian cells and budding yeast 
cells,37,38 indicating that the intracellular shutdown caused by clinical 
drugs is a conserved mechanism. Thus the shutdowns caused by envi-
ronmental stresses may, at the cellular level, essentially be the same as 
the paralysis induced by clinical drugs. To test this hypothesis, details 
of the drug-induced and stress-induced intracellular shutdown 
should be investigated in mammalian cells. High concentrations of 
local anesthetics are required to produce shutdown effects similar to 
those produced by phenothiazines or cationic surfactants in yeast, 
providing an explanation for the unique ability of local anesthetics 
to paralyze only the area surrounding the injection site. Therefore, 
cationic surfactants, which produce effect at lower concentrations 
than the phenothiazines, may have an antipsychotic effect on the 
nervous system rather than a local anesthetic effect, although neither 
anesthetic nor antipsychotic effects have been confirmed for the 
cationic surfactants that we examined. Even if the cationic surfac-
tants do not produce such effects, membrane permeabilization is 
likely to be a common effect of local anesthetics, phenothiazines and 
cationic surfactants, and thus it might contribute to the toxicity or 
side effects caused by the excessive administration of these drugs, 
as reported previously for local anesthetics.34 The yeast system may 
be useful for elucidating correlations between drug structure and 
toxicity at the cellular level.
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